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ABSTRACT
We present the discoveries of WISEA J041451.67−585456.7 and WISEA J181006.18−101000.5, two
low-temperature (1200–1400 K), high proper motion T-type subdwarfs. Both objects were discovered
via their high proper motion (>0.′′5 yr−1); WISEA J181006.18−101000.5 as part of the NEOWISE
proper motion survey and WISEA J041451.67−585456.7 as part of the citizen science project Backyard
Worlds; Planet 9. We have confirmed both as brown dwarfs with follow-up near-infrared spectroscopy.
Their spectra and near-infrared colors are unique amongst known brown dwarfs, with some colors
consistent with L-type brown dwarfs and other colors resembling those of the latest-type T dwarfs.
While no forward model consistently reproduces the features seen in their near-infrared spectra, the
closest matches suggest very low metallicities ([Fe/H] ≤ −1), making these objects likely the first
examples of extreme subdwarfs of the T spectral class (esdT). WISEA J041451.67−585456.7 and
WISEA J181006.18−101000.5 are found to be part of a small population of objects that occupy the
“substellar transition zone,” and have the lowest masses and effective temperatures of all objects in
this group.
Keywords: brown dwarfs, T subdwarfs
1. INTRODUCTION
Cool subdwarfs are metal-deficient stars and brown
dwarfs that make up the Galaxy’s earliest generations,
Corresponding author: Adam C. Schneider
aschneid10@gmail.com
and are thus some of the oldest members of the Galac-
tic population. The low-mass stellar (M-type) sub-
dwarf population has been extensively characterized
(e.g., Gizis 1997; Le´pine et al. 2007). There are three
recognized subclasses of low-mass M-type subdwarfs:
subdwarfs (sd), extreme subdwarfs (esd), and ultra-
subdwarfs (usd), which roughly correspond to metallic-
ity values ([Fe/H]) of −0.5, −1.0, and −1.5 dex, respec-
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Figure 1. unWISE images of WISEA 1810−1010 from the WiseView tool (byw.tools/wiseview). On the left is a combination
of the first two WISE epochs pre-hibernation, and on the right is the fifth (NEOWISER) epoch (Meisner et al. 2019). The
stationary background source that is blended with WISEA 1810−1010 in the first epochs (left panel) can be seen clearly in the
latest epochs (right panel). In this composite image, W1 image is color coded blue and the W2 image is color coded orange. The
orange color of WISEA 1810−1010 indicates that the source is brighter at 4.5 µm (W2) than 3.6 µm (W1), typical of late-type
brown dwarfs.
tively (Pavlenko et al. 2015), though these classes are
still undergoing refinements (Lodieu et al. 2019; Zhang
et al. 2019). The intermediate subdwarf class (d/sd;
[Fe/H] > −0.5) has also been suggested (Mould & McEl-
roy 1978; Burgasser et al. 2007). Modern large-area in-
frared surveys, such as the Two Micron All Sky Survey
(2MASS; Skrutskie et al. 2006), have allowed for the ex-
tension of subdwarf studies to the L spectral class, be-
ginning with the discovery of the first L-type subdwarf,
2MASS 05325346+8246465 (Burgasser et al. 2003), orig-
inally classified as an sdL7 and more recently reclassi-
fied to be part of the extreme subdwarf class (esdL7;
Kirkpatrick et al. 2010, Zhang et al. 2017a). As the
population of L-type subdwarfs has increased in num-
ber, the sdL, esdL, and usdL subclasses have emerged
for which Zhang et al. (2017a) make similar [Fe/H] defi-
nitions: sdL are defined as objects with [Fe/H] between
−0.3 and −1.0; esdL have even lower metallicities, be-
tween −1.0 and −1.7; and usdLs are the most metal-
poor, with [Fe/H] ≤−1.7.
The population of T-type subdwarfs has historically
been very small and has been made up of either
unusually blue, high tangential velocity objects such
as 2MASSI J0937347+293142 (Burgasser et al. 2003,
2006), ULAS J1233+1219 (Murray et al. 2011), and
ULAS J131610.28+075553.0 (Burningham et al. 2014),
and companions to higher-mass stars for which low
metallicities are known (Burningham et al. 2010; Scholz
2010; Pinfield et al. 2012; Mace et al. 2013). Clas-
sification of these sources as bona fide subdwarfs has
been challenging. For example, the spectra of two
early sdT candidates WISE J071121.36−573634.2 and
WISE J210529.08−623558.7, which show thick-disk-like
kinematics, possess weak or ambiguous signs of low-
metallicity, which may be attributable to multiplicity
effects (Luhman, & Sheppard 2014; Kellogg et al. 2018).
Even the tangential velocity estimates of these sources,
estimated from spectral type–absolute magnitude rela-
tions, may be inaccurate for subdwarf types, depending
on the band used. Zhang et al. (2019) have identified
a sample of ≥T5 objects that could qualify as mem-
bers of an sdT spectral class, while Greco et al. (2019)
have found three promising early-type sdT candidates.
No members of more metal-poor esdT or usdT classes
have yet been identified. Extending the metallicity se-
quence of the T class is essential for a proper assessment
of metallicity effects on these atmospheres, which influ-
ence cloud formation and evolution, gas chemistry, and
the role of pressure-dependent opacity sources such as
collision-induced H2. Moreover because of their rela-
tively old age, the vast majority of halo brown dwarfs
have likely cooled off to become metal-poor T subdwarfs
(Burgasser 2004).
3Low-metallicity subdwarfs are commonly found
through surveys for high proper motion objects. Subd-
warfs, which are among the oldest stars in the Galaxy,
tend to have kinematics distinct from other stellar pop-
ulations, either because they have had more time to dy-
namically interact with Galactic structures that perturb
their orbits or because they formed prior to the Galaxy’s
current disk structure. Both cases result in high veloci-
ties relative to disk stars like the Sun (Wielen 1977; Gizis
1997; Faherty et al. 2009). Long time baseline images
from the Wide-field Infrared Survey Explorer (WISE)
are now available, allowing for the first all-sky searches
for objects with large proper motions at wavelengths be-
tween 3 and 5 µm, where brown dwarf emission peaks
(e.g., Kirkpatrick et al. 2014, 2016; Schneider et al.
2016). Here we report the discovery of the high proper
motion brown dwarfs WISEA J041451.67−585456.7
and WISEA J181006.18−101000.5. The unusual near-
infrared spectra of these sources, and their correspond-
ing temperature and metallicity estimates, suggest that
they are likely the first examples of extreme-type subd-
warfs of the T spectral class.
2. DISCOVERY OF WISEA J181006.18−101000.5
AND WISEA J041451.67−585456.7
WISEA J181006.18−101000.5 (WISEA 1810−1010
hereafter) was initially identified as a potential high
proper motion source as part of the NEOWISE proper
motion survey (Schneider et al. 2016; Greco et al. 2019).
However, at that time, its proper motion could not be
confirmed because of the high density of background
sources near this object (b≈4.◦3) and the lack of addi-
tional detections at different epochs in other catalogs.
Since the survey of Schneider et al. (2016), which had
a time baseline of ∼1 yr, WISE has continued to scan
the sky as part of the NEOWISE project (Mainzer et
al. 2014), leading to much longer time baselines that
can distinguish objects with significant proper motions.
There are also new efforts to identify such sources in-
cluding the Backyard Worlds: Planet 9 citizen science
project (BYW; Kuchner et al. 2017) and the CatWISE
motion survey (Eisenhardt et al. 2019; Marocco et al.
2019).
The WiseView tool (byw.tools/wiseview; Caselden et
al. 2018) was created through the BYW project as
a resource for visually confirming high proper motion
sources using multi-epoch unWISE images (Meisner et
al. 2018). We re-examined WISEA 1810−1010 using
WiseView and it was found to have significant motion
compared to background sources, confirming it as a
high proper motion object. The images show signif-
icant blending with a background source in the pre-
hibernation WISE epochs, which becomes much less
severe in later post-reactivation (NEOWISER) epochs
(Figure 1). After we examined WISEA 1810−1010
with WiseView, we chose it as a high-priority target for
follow-up observations because of its large proper motion
(>1′′yr−1) and unusual infrared colors (Table 1). Ad-
ditionally, citizen scientist Arttu Sainio independently
discovered this object via the BYW project.
WISEA J041451.67−585456.7 (WISEA 0414−5854
hereafter) was found as part of the BYW project in-
dependently by four different citizen scientists: Paul
Beaulieu, Sam Goodman, William Pendrill, and Austin
Rothermich. The BYW was launched in 2017 Febru-
ary as part of the Zooniverse citizen science community
(Kuchner et al. 2017). Since then, over 150,000 users
around the world have participated in the visual identi-
fication and classification of new brown dwarf candidates
through the BYW interface1. The project has discov-
ered the lowest binding energy ultracool binary in the
field population (Faherty et al. 2020), one of the cold-
est known brown dwarfs (Bardalez Gagliuffi et al. sub-
mitted), and the oldest white dwarf with a dusty disk
(Debes et al. 2019). WISEA 0414−5854 was flagged as a
high-priority target for follow-up spectroscopy because
it had unusual infrared colors, very similar to those of
WISEA 1810−1010.
3. OBSERVATIONS
3.1. Keck/NIRES
We attempted to obtain a spectrum of WISEA
1810−1010 with the Near-Infrared Echellette Spectrom-
eter (NIRES; Wilson et al. 2004) on the Keck II tele-
scope on 2019 August 13. Due to the combination
of humid and cloudy weather conditions and WISEA
1810−1010’s high proper motion in a very crowded
field, we were unable to acquire a spectrum of this
source at that time. However, we obtained K−band
guider images of the field around WISEA 1810−1010,
which later allowed us to unambiguously pinpoint its
current position for subsequent observations with Palo-
mar/TripleSpec.
3.2. Palomar/TripleSpec
We observed WISEA 1810−1010 with the TripleSpec
instrument (Herter et al. 2008) on the Palomar 200 inch
telescope on 2019 September 19. Nine 300 s exposures
were taken using the 1′′× 30′′slit in an ABBA pattern
for a total on source time of 2700 s. The spectrum covers
a wavelength range of ≈1.0–2.4 µm at a resolution R ≈
1 www.BackyardWorlds.org
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Figure 2. The near-infrared spectra of WISEA 0414−5854 (black, left panels) and WISEA 1810−1010 (black, right panels)
compared to the T0 spectral standard (SDSS J120747.17+024424.8; Looper et al. 2007), 2MASS 05325346+8246465 (esdL7),
and WISEA 101944.62−391151.6 (sdT3). All spectra are normalized to the J-band peak between 1.27 and 1.29 µm. Major
absorbing species are labeled in the upper panels.
2600. Because of high humidity, the telescope was closed
for approximately 30 minutes after the last on-target ex-
posure. An A0-type telluric standard was observed im-
mediately after the telescope was reopened. Data were
reduced using a modified version of the SpeXTool pack-
age (Vacca et al. 2003; Cushing et al. 2004). The final
reduced spectrum is shown in the left panels of Figure
2.
3.3. Magellan/FIRE
We observed WISEA 0414−5854 with the Folded-port
Infrared Echellette (FIRE; Simcoe et al. 2013) spectro-
graph at the 6.5 m Baade Magellan telescope on 2020
February 12. Observations were taken using the 0.′′6 slit
in prism mode which achieves a resolving power between
500 and 300 across the J , H, and K bands (0.8–2.5
µm). We used the sample-up-the-ramp mode, obtaining
12 exposures of 126.8 s, for a total on source exposure
time of ∼1500 s. An A0V star was observed immedi-
ately after for telluric correction purposes. Reductions
were performed with a modified version of the SpeXTool
package (Vacca et al. 2003; Cushing et al. 2004), and the
final reduced spectrum is shown in the right panels of
Figure 2.
4. ANALYSIS
4.1. Photometry
WISEA 0414−5854 was detected by the Vista Hemi-
sphere Survey (VHS; McMahon 2012), with a secure de-
tection at J , but a nondetection at K (and not observed
at H). We determined a K−band limit by querying
the VHS database with a large radius (300′′) around
the position of WISEA 0414−5854 and fitting a fourth-
order polynomial to the measured magnitudes and cor-
responding signal-to-noise ratios (S/N). We find a 3σ
K−band limit of 18.82 mag. WISEA 0414−5854 also
has a clear, unblended detection in the CatWISE pre-
5Table 1. Properties of WISEA 0414−5854 and WISEA 1810−1010
Parameter Value Value Ref.
Identifiers
WISEA J041451.67−585456.7 J181006.18−101000.5 1
CWISEP J041451.75−585454.0 J181006.00−101001.1 2
Observed Properties
µα (mas yr
−1) 214.0 ± 29.3 −1113 ± 12 2,3
µδ (mas yr
−1) 653.8 ± 26.6 −206 ± 13 2,3
J (mag) 19.632 ± 0.111 17.264 ± 0.020 4,5
H (mag) . . . 16.500 ± 0.018 -,5
K (mag) >18.82 17.162 ± 0.081 4,5
W1 (mag) 16.705 ± 0.029 13.650 ± 0.018 2,3
W2 (mag) 15.286 ± 0.025 12.483 ± 0.009 2,3
Inferred Properties
Teff (K) 1300 ± 100 1300 ± 100 3
log g 5.5 ± 0.5 5.0 ± 0.5 3
Mass (M) 0.075–0.080 0.075–0.080 3
[Fe/H] (dex) ≈ −1 ≤ −1 3
References— (1) AllWISE (Cutri et al. 2013), (2) CatWISE (Eisenhardt et al.
2019), (3) this work, (4) VHS (McMahon 2012), (5) UKIDSS GPS (Lawrence
et al. 2007; Lucas et al. 2008).
liminary catalog. Photometry for WISEA 0414−5854 is
given in Table 1.
WISEA 1810−1010 was detected by the UKIRT In-
frared Deep Sky Survey (UKIDSS; Lawrence et al. 2007)
as part of the Galactic Plane Survey (GPS; Lucas et
al. 2008). JHK photometry from the UKIDSS GPS
is listed in Table 1. The only other survey to detect
WISEA 1810−1010 was WISE, however, as noted pre-
viously and seen in Figure 1, WISEA 1810−1010 is
blended with a background object in the earliest WISE
epochs. For this reason, we do not use photometry from
the WISE All-Sky, AllWISE, or CatWISE catalogs, as
each of these uses the initial WISE epochs to measure
photometry. Instead, we apply the CatWISE pipeline
(Eisenhardt et al. 2019) to only the NEOWISE epochs of
this source. The resulting photometry is listed in Table
1. For reference, the WISE All-Sky, AllWISE, and Cat-
WISE catalog photometry values are on average ∼0.19
mag brighter in W1, with only marginal differences be-
tween measured W2 magnitudes (<2σ).
Figure 3 shows various color-color diagrams com-
paring the infrared colors of WISEA 0414−5854 and
WISEA 1810−1010 to known field L and T dwarfs de-
tected in UKIDSS along with the compilations of known
sdLs in Zhang et al. (2018b) and proposed sdTs in Zhang
et al. (2019). As seen in the figure, the colors of these
two objects are unique among brown dwarfs of all types.
The upper left panel shows that WISEA 1810−1010 has
a J − H color consistent with the L dwarf population,
but a blue H −K color that is consistent with the sdT
population. The W1-W2 colors of of WISEA 0414−5854
and WISEA 1810−1010 would typically correspond to
spectral types of ∼T3–T4, however, their J−W2 col-
ors are consistent with either the latest-type L dwarfs
or the latest-type T dwarfs as seen in the bottom right
panel of the figure. Note that Meisner et al. (2020) used
Spitzer Space Telescope photometry and found several
objects with anomalously red J−ch2 colors compared
to their ch1−ch2 colors, where the ch1 and ch2 Spitzer
passbands are very similar to W1 and W2 from WISE.
These objects with similar colors as WISEA 0414−5854
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Figure 3. Color–color diagrams comparing WISEA 0414−5854 and WISEA 1810−1010 (red diamonds) to known field and
subdwarf L and T dwarfs. Field L and T dwarfs primarily come from Burningham et al. (2013), Day-Jones et al. (2013),
and Marocco et al. (2015) while known L and T subdwarfs come from Zhang et al. (2018b) and Zhang et al. (2019). Marker
definitions are provided in the legend in the first panel. WISEA 0414−5854 is not plotted in the first panel because no H−band
magnitude is currently available for this object.
and WISEA 1810−1010 may be additional members of
this population.
4.2. Astrometry
As mentioned previously, WISEA 1810−1010 is
blended with a background source in the initial WISE
epochs. To determine the proper motion of WISEA
1810−1010, we ran the CatWISE pipeline (Eisenhardt
et al. 2019) omitting the first two epochs where the as-
trometry is likely affected by the unmoving background
source. We find µα = -1333±12 mas yr−1 and µδ =
-206±13 mas yr−1. Note that the proper motion val-
ues in the CatWISE preliminary catalog are µα = -
901.6±10.3 mas yr−1 and µδ = -155±10.5 mas yr−1.
Users of the preliminary CatWISE catalog should keep
in mind this potential issue in astrometry for sources
in heavily crowded fields (Eisenhardt et al. 2019). The
proper motion of WISEA 0414−5854 was taken from the
CatWISE preliminary catalog and is listed in Table 1.
4.3. Spectral Types/Model Fitting
L and T spectral types in the infrared are typ-
ically determined by comparing the full 1–2.5 µm
spectrum or individual portions to sets of spectral
standards (Burgasser et al. 2006; Kirkpatrick et al.
2010; Cruz et al. 2018). The T0 spectral standard
(SDSS J120747.17+024424.8; Looper et al. 2007) is the
best match to both WISEA 0414−5854 and WISEA
1810−1010 in the J−band; however the H and K fluxes
are depressed relative to peak in J , as compared with
the standard (Figure 2, top panels). This behavior is
similar to what is seen in the latest L-type subdwarfs,
where the spectra are relatively featureless and the in-
frared flux peaks blueward of the peak location typi-
cally seen for field L dwarfs at H−band (Gonzales et
al. 2018). This shift is most likely due to collision-
induced absorption (CIA) from H2, which broadly ab-
sorbs across the near-infrared with a peak in absorption
at the fundamental vibration frequency at 4161 cm−1
(2.4 µm; Linsky 1969; Borysow et al. 1997; Burgasser et
al. 2003). There is a also a significant discrepancy be-
tween our observed spectra and the T0 standard spec-
trum around the 1.15 µm H2O band, which is consid-
7erably broader in the former. This may be related to
previously identified peculiarities in the shapes of 1.05
µm spectral peak observed in “mild” T subdwarfs such
as 2MASS J0937+2931 and ULAS J141623.94+134836.3
(Burgasser et al. 2006, 2010).
The comparison of the spectra of WISEA 0414−5854
and WISEA 1810−1010 to spectral standards thus sug-
gests these may be early-T type subdwarfs. As men-
tioned in Section 1, early-T type subdwarfs are rare and
often show weak or ambiguous signs of low-metallicity,
making comparisons to known early-T type subdwarfs
challenging. To verify this, we compare in Figure 2 the
spectra of WISEA 0414−5854 and WISEA 1810−1010
to that of the known esdL7 2MASS 05325346+8246465
(Burgasser et al. 2003; Kirkpatrick et al. 2010; Zhang
et al. 2017a) and to that of the suspected sdT3 WISEA
101944.62−391151.6 (Greco et al. 2019). When com-
pared to 2MASS 05325346+8246465, both WISEA
0414−5854 and WISEA 1810−1010 have much deeper
and broader absorption around 1.15 µm. The H−band
shapes of both objects, however, show similarities to
the esdL7 source by being relatively featureless, though
WISEA 0414−5854 and WISEA 1810−1010 have a
steeper slope on the red side of the H−band peak.
The J−band spectral shapes of WISEA 0414−5854 and
WISEA 1810−1010 look more similar to that of the sdT3
object, especially the depth of the absorption feature at
1.15µm. However, we note that WISEA 0414−5854 has
a peak flux in the Y−band ∼0.1 µm bluer than that of
WISEA 101944.62−391151.6. The spectrum of WISEA
1810−1010 does not extend blueward of 1 µm, but
shows a Y−band morphology similar to that of WISEA
0414−5854. These comparisons are strongly suggestive
of early-T subdwarf or extreme subdwarf spectral clas-
sifications.
To estimate the physical properties of WISEA
0414−5854 and WISEA 1810−1010 (Teff , log g, [Fe/H]),
models were generated using a subbranch of the
PHOENIX v15 code (Hauschildt & Baron 1999; Allard
et al. 2013, Gerasimov et al. in prep) which includes dust
condensation and gravitational settling. A grid was pro-
duced for Teff values from 900 to 1500 K in steps of 100
K, [Fe/H] values from 0 to −3 dex in steps of 1 dex,
and log g values of 5.0 and 5.5. All models are publicly
available2. No model is able to accurately reproduce all
of WISEA 0414−5854’s or WISEA 1810−1010’s spec-
tral features. The two best fitting models for each were
found using a simple χ2 statistic and are shown in Fig-
ure 4.
2 http://atmos.ucsd.edu/?p=atlas
For WISEA 0414−5854, the best matching models
imply a Teff of 1200–1400 K, a log(g) of 5.5, and an
[Fe/H] value of −1. However, there are significant dif-
ferences between the observed spectrum and the best-
fitting models, particularly in the J−band wavelength
range. For WISEA1810−1010, the Teff = 1200 K model
reproduces some features of the J-band portion of its
spectrum and is a reasonable match at K, but substan-
tially overpredicts the H-band flux. Alternatively, the
Teff = 1400 K model does not match as well at J and
underpredicts the K-band flux, but matches very well in
the H-band portion of the spectrum. Based on the best-
fitting models, we estimate a Teff of 1300±100 K and
[Fe/H] ≤ −1 dex for WISEA 0414−5854 and WISEA
1810−1010.
The spectral morphologies of these sources, along with
[Fe/H] estimates ≤ −1 dex, suggest extreme subdwarf
spectral subclass designations are appropriate for both
of these objects. We note that while the best-fitting
models for WISEA 0414−5854 have [Fe/H] values of
−1, which is the nominal boundary between the sd and
esd classes, the similarities of the spectral morphologies
of WISEA 0414−5854 and WISEA 1810−1010 suggest
they should have the same subclass. Teff estimates of
1200–1400 K correspond to spectral types of L7 to T1.5
for field type brown dwarfs (Filippazzo et al. 2015), in
agreement with the best matching spectral standard.
Note, however, that the effective temperatures of late-
type sdMs and sdLs are generally warmer than their field
counterparts for a given spectral subtype (e.g., Zhang et
al. 2017a; Gonzales et al. 2018), although it is unclear if
this trend extends into the T dwarf regime. We there-
fore tentatively assign a spectral type of esdT0±1 for
both of these objects.
5. DISCUSSION
5.1. Kinematics
Subdwarfs are typically found to have large space mo-
tions relative to the Sun, and belong either to the thick
disk or halo populations. To further investigate the kine-
matics of WISEA 0414−5854 and WISEA 1810−1010,
two additional measurements are needed: radial veloci-
ties and distances. The spectra presented here are too
low in S/N, and lack sharp features, to obtain robust
radial velocities. Such measures may be obtained with
future high-resolution spectroscopic observations on a
larger aperture facility. Likewise, no parallax is cur-
rently available for either object, each object being too
faint to be detected in Gaia. A distance estimate would
allow for a measurement of the tangential velocities
(Vtan) of WISEA 0414−5854 and WISEA 1810−1010,
which could be used to help decide whether they belong
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Figure 4. Near-infrared spectra of WISEA 0414−5854 (black, left panels) and WISEA 1810−1010 (black, right panels)
compared to two low-temperature PHOENIX models. All spectra are normalized to the J-band peak between 1.27 and 1.29
µm.
to the thin disk, thick disk, or halo populations (e.g.,
Bensby et al. 2003; Dupuy, & Liu 2012).
Photometric distances are often used when direct dis-
tance measurements are not available. This is problem-
atic for both of these unusual objects. First, photo-
metric distances typically require a spectral type, and
the spectral types of WISEA 0414−5854 and WISEA
1810−1010 are highly uncertain (see the previous sec-
tion). Second, photometric distances are typically con-
structed for the field population of brown dwarfs and
therefore may not be appropriate for subdwarfs. Those
relations that do pertain to subdwarfs either do not yet
extend to the T dwarf regime (Schilbach et al. 2009;
Zhang et al. 2017a; Gonzales et al. 2018) or are only ap-
propriate for sdT type brown dwarfs with spectral types
later than T5 (Zhang et al. 2019). If we proceed with ab-
solute magnitude–spectral type relations for field brown
dwarfs (Dupuy, & Liu 2012) and designate the spectral
type of WISEA 1810−1010 to be T0, wildly discrepant
distances are found for different passbands. We find a
distance of ∼14 pc using WISEA 1810−1010’s W2 mag-
nitude, but a distance of ∼67 pc using the K−band
magnitude. Combined with our measured proper mo-
tion (Table 1), these distance estimates lead to a Vtan
range of 77–360 km s−1. For WISEA 0414−5854, a sim-
ilarly large distance range is found (52–94 pc), corre-
sponding to a Vtan range of 170–307 km s
−1. Parallax
measurements for these objects will be necessary to de-
termine accurate Vtan values. Nevertheless, it is clear
that both sources are high velocity objects consistent
with membership in the metal-poor Galactic thick disk
or halo.
5.2. The Space Density of Early-type esdTs
The discoveries of WISEA 0414−5854 and WISEA
1810−1010 allow us to place a crude lower limit on the
space density of early-type esdTs. This limit compared
to the space density of early T dwarfs in the field that are
not metal-poor can provide a preliminary sense for how
common extremely metal-poor objects are in this tem-
perature regime. Two significant sources of uncertainty
on the esdT limit are the spectral type and distance
estimates for these two new objects. However, if we
take our best spectral type estimates at face value and
conservatively choose the further edge of our distance
estimates (∼90 pc for WISEA 0414−5854), we derive a
lower limit for the space density of early-type esdTs of
6.55±4.63 × 10−7 pc−3. The number of single T0−T2
(inclusive) brown dwarfs within 20 pc is 25 (Kirkpatrick
et al. in prep), leading to a space density of 7.46±1.49 ×
10−3 pc−3. This implies that early-type esdTs make up
(at least) 0.08% of the early T dwarf population. Alter-
natively, if we take the distance of WISEA 0414−5854
to be 50 pc, the esdT fraction would be at least 0.51%.
There have been many estimates of the space den-
sity of thick disk (fTD) and halo (fh) stars in the so-
lar neighborhood. Early estimates for fh based on star
9counts have ranged from 0.06 to 0.2% (e.g., Gould et
al. 1998; Robin et al. 2003), though more recent esti-
mates based on spectroscopic studies and kinematic data
from the Gaia mission have converged on values ∼0.45%
(e.g., Posti et al. 2018; Amarante et al. 2020). Similarly,
the values of fTD have varied, with the most recent es-
timates ranging from 4 to 7% (e.g., Bland-Hawthorn
& Gerhard 2016; Amarante et al. 2020). Considering
WISEA 0414−5854 and WISEA 1810−1010 likely be-
long to the thick disk or halo population, if we take
0.45% (7%) as the true fraction of early T dwarfs that
belong to the esdT class, the expected number of esdTs
within 90 pc is ∼10 (∼159). If the detection limit for
esdTs is closer to 50 pc, the predicted number of es-
dTs would be ∼2 (∼27) for an early-type esdT fraction
of 0.45% (7%). It is therefore possible that numerous
additional early-type esdTs are waiting to be found in
the solar neighborhood. These values assume that the
stellar fTD and fh values hold for substellar members
of the solar neighborhood. A dedicated search for more
of these objects could resolve whether or not the stellar
values of fTD and fh are applicable in this temperature
regime.
5.3. WISEA 0414−5854, WISEA 1810−1010, and the
Substellar Transition Zone
As previously noted in the literature, the higher
rates of cooling of metal-poor brown dwarfs (Baraffe
et al. 1997) and the divergent evolution of stars
and brown dwarfs over time can give rise to a
temperature-dependent “gap” across a metallicity-
dependent hydrogen-burning mass limit (Burgasser
2004). Such a gap has already been detected in globular
clusters with the terminus of the hydrogen-burning main
sequence (Bedin et al. 2001) and the first candidate glob-
ular cluster brown dwarfs (Dieball et al. 2016). Among
nearby low-temperature subdwarfs, evidence of a “sub-
dwarf gap” has also started to emerge (Kirkpatrick et al.
2014; Zhang et al. 2017b). In fact, this “gap” is more
appropriately described as an underdensity of sources
across a stellar–substellar transition phase, as hydro-
gen fusion does not abruptly cease at the hydrogen-
burning limit. Sources with reduced fusion can eventu-
ally cool to achieve thermal stability, albeit after billions
of years (see Burgasser et al. 2008 for the case of 2MASS
05325346+8246465). Zhang et al. (2017b) have explic-
itly defined a “substellar transition zone,” covering a
narrow range of masses and large range of effective tem-
peratures over which “unstable fusion” can occur. The
masses encompassed by this transition, and the range
of temperatures it spans depend on the metallicity and
age of the population, with a more pronounced spread
expected for metal-poor halo subdwarfs. Zhang et al.
(2018a) have designated nine objects as residing in this
transition zone, all of which belong to either the esdL or
usdL spectral classes.
Figure 5 shows effective temperature and metallic-
ity values for all known L and T subdwarfs with pub-
lished Teff and [Fe/H] measurements. Along with all of
the “transition zone” L dwarfs, WISEA 0414−5854 and
WISEA 1810−1010 are on the substellar side of the stel-
lar/substellar boundary at their metallicities. Based on
the metallicity-dependent evolutionary models of Bur-
rows et al. (1998), WISEA 0414−5854 and WISEA
1810−1010 have predicted masses between 0.075 and
0.08 M, giving them the lowest masses and temper-
ature estimates of all transitional subdwarfs.
6. CONCLUSION
We find that the high proper motion objects WISEA
0414−5854 and WISEA 1810−1010 have exceptionally
unusual spectroscopic and photometric properties that
likely reflect significantly subsolar metallicities. The
best-fitting models for these objects suggest very low
metallicities ([Fe/H] ≤ −1), though no single model
provides a satisfactory fit across all wavelengths. Fur-
ther astrometric and spectroscopic observations are war-
ranted to better characterize these enigmatic systems.
These discoveries highlight one of the key advantages
of using proper motion instead of colors to identify cold,
low-luminosity objects. Color searches are often con-
structed to find ultracool dwarfs with solar-like metal-
licities, and are thereby biased against detecting ob-
jects with unusual colors such as WISEA 0414−5854
and WISEA 1810−1010.
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lines trace isomass models from Burrows et al. (1998). Metallicities and effective temperatures for known L subdwarfs come from
Zhang et al. (2017a,b, 2018a) and T subdwarfs are from Burgasser et al. (2006), Murray et al. (2011), Pinfield et al. (2012), and
Mace et al. (2013). Objects in the “substellar transition zone” from Zhang et al. (2018a) are highlighted with black diamonds
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